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Abstract

Silicon pillar structures filled with a neutron converter material ('°B) are designed to have high
thermal neutron detection efficiency with specific dimensions of 50 pm pillar height, 2 um pillar
diameter and 2 pm spacing between adjacent pillars. In this paper, we have demonstrated such a
detector has a high neutron-to-gamma discrimination of 10° with a high thermal neutron

detection efficiency of 39% when exposed to a high gamma-ray field of 10° photons/cm’s.
Keywords
Thermal neutron detector, Gamma-ray discrimination, Silicon pillar, Boron

Hellium-3 tubes are the most widely used technology for detecting neutrons due to their high
neutron detection efficiency as well as low gamma-ray sensitivity, but there are issues with
stability, sensitivity to microphonics, and very recently a shortage of hellium-3 [1]. In order to
find alternatives, solid-state thermal neutron detectors have been investigated that utilize various
architectures and material combinations [2-7]. Many solid-state thermal neutron detectors are
more sensitive to gamma-rays compared to helium-3 tubes, which is compounded by the fact that
most nuclear materials emit 10 or more times as many gamma-rays as neutrons. For

measurements of spent fuel, where gamma-ray fluxes of 1000 R/h (~ 10° photons/cm®s) or more
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are encountered, the gamma-ray sensitivity of the detector may dominate all other considerations
[8]. The electronic pulses generated by gamma-rays can be readily rejected by setting a high low-
level-discriminator (LLD). However, a high LLD setting will limit the registration of low-energy
pulses created by neutron events. The gamma-ray insensitivity and intrinsic neutron detection
efficiency are therefore important figures-of-merit for evaluating the performance of a neutron
detector. In this paper, we report superior performance of thermal neutron detection and gamma-
ray discrimination of a pillar detector under a high gamma-ray flux environment (up to 10’

photons/cm’s).

'9B is selected as the neutron converter material in our devices because of its high thermal
neutron cross section of 3840 barns, compared to 940 barns of °Li, which is also a popular
neutron converter in solid-state thermal neutron detectors [2-3]. The thermal neutron capture

reaction by '°B can be described as follows [9]:

1Li(1.015MeV)+;a (1.777MeV) (ground state,6%)

) 1
ILi" (0.84MeV)+Ja(1.47 MeV) (1"excited state,94%) )

"YB+n—> {
The reaction byproducts deposit their energy into the semiconductor and generate electron-hole
pairs. The charge carriers are swept out by an internal or applied electric field and collected by
the electrodes for the registration of a neutron event. The selected semiconductor material should
have a relative low atomic number (Z) and density (p) for the purpose of low gamma-ray
interaction [9]. Silicon is used in our pillar detectors, because it has both a low Z of 14 and p of
2.33 g/em’. Murphy et al. reported that Si provides better gamma-ray rejection compared with
other semiconductor materials, i.e., C (diamond), ZnO, GaAs, and CdTe [10].

Our Si-'’B detector design is based on using a three-dimensionally integrated approach. Figure 1
(a) shows a schematic of a pillar structured thermal neutron detector. A silicon wafer comprised
ofa3 ump" layer and a 47 um intrinsic layer (n) epitaxially grown on an n" substrate was used
for device fabrication. The pillar diameter and spacing were defined lithographically, followed
by deep reactive ion etching to form a 50-pum-tall pillar array. A conformal '’B coating was
deposited to fill the gaps in the pillar array by chemical vapor deposition [11]. A Plasma Quest

electron cyclotron resonance etcher was used for boron etching on the front side to expose the
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highly conductive p" pillar tops as shown in Fig. 1 (b). This was followed by surface
planarization using Honeywell Accuflo™ 2027 spin-on-polymer and chemical mechanical
polishing. Finally the stacking layers of Al/Cr/Au, 5000A/500A/7500A were sputtered on both
sides for metal contacts. The geometrical constraints on the converter material thickness are
decoupled from the limitation of the ion track length [4-7]. The '°B thickness is defined by the
pillar height, and is three times the mean free path of thermal neutrons in '°B which is ~ 50 pm.
The pillar pitch of 4 um (2 um pillar diameter and 2 um pillar spacing) is designed to allow a
high probability of interaction between the energetic ions and the semiconductor pillars, created
by nuclear reaction of the neutron with '°B [4]. When the pillar height and pitch are optimized
high thermal neutron detection efficiency (~ 50%) and high neutron-to-gamma-ray

discrimination (> 10°) are predicted [4].

] psi [ n~si [ n*-si
B ©B 1 Al/Cr/Au

Fig. 1 (a) Schematic of a pillar structured solid-state thermal neutron detector with 2 pm pillar
diameter, 2 um pillar spacing and 50 um pillar height (the dimensions are not to scale), and (b)

scanning electron microscopy image of boron filled pillar arrays (top view).

In the pillar detector shown in Fig. 1, neutron absorption only takes place in the neutron
conversion material (‘°B), which is defined by the pillar height. Gamma-ray interaction, on the
other hand, takes place in the entire Si portion. Previously we investigated the effect of the

intrinsic layer below the pillars on gamma-ray sensitivity in a structure with a 25 um intrinsic
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layer. We found that the lowest gamma-ray response occurs when the thickness of intrinsic
region below the pillars is reduced to a minimum due to less gamma-silicon interaction in the
active region. This is the region in our structure where the generated electron hole pairs can be
collected [6]. Thus it is important to select a starting layer structure where the intrinsic layer
thickness is close to the designed pillar height. In this paper, the pillars of the device under test
were formed by etching completely through the intrinsic region to reduce the gamma-ray

sensitivity.

The photograph of the experimental setup is shown in the inset of Fig. 2. A detector with 2 x 2
mm’ total area composed of a 50-pm-tall pillar array (see Fig. 1) was attached to a side of a 5
cm-thick high-density polyethylene moderation fixture where inserted was a >>>Cf source which
emits fission neutrons. The high-density polyethylene fixture moderates the high energy neutrons
to produce thermal neutrons (~ 0.025 eV). The thermal neutron flux on the detector surface was
constant under all test conditions at ~ 48 n/cm’s obtained by modeling using MCNP and folding
the simulated spectrum with the '°B cross section [7]. The fixture sat on a moving cart which
controls the gamma-ray flux striking on the detector surface by varying the distance of the
detector from the gamma-ray source: *’Cs with activity of 218.2 Ci. An ORTEC 142C
preamplifier, ORTEC 572 shaping amplifier, and ORTEC AMETEK EASY-MCA-2K
multichannel analyzer were used for data acquisition. A shaping time of 0.5 ps and a

measurement live time of 20 minutes were used.
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Fig. 2 Measured background spectrum (no source), neutron detection spectrum and gamma
detection spectrum of a 2 x 2 mm® 50-pm-tall pillar detector using the geometry shown in Fig. 1.
37Cs and ***Cf were used as gamma-ray source and neutron source, respectively. The inset

shows a photograph of the measurement setup.

Fig. 2 shows the measured neutron detection spectrum with ***Cf and gamma detection spectrum
with '*’Cs of a 2 x 2 mm? pillar detector using the geometry shown in Fig. 1. The gamma-ray
fluxes on the detector surface in the measurements were 1.61 x 10° and 1.61 x 10° photons/cm’s
obtained by positioning the detector at distance of 632 cm and 20 cm away from the gamma-ray
source respectively. The intrinsic thermal neutron detection efficiency (& ) is defined by
dividing the number of counted neutrons in the neutron spectra by the number of thermal
neutrons incident on the 2 x 2 mm? detector. Analogously, the intrinsic gamma-neutron detection
efficiency (&in yn) is defined by dividing the number of counted gamma-rays by the number of

gamma-rays incident on the detector. Thus we obtained the neutron to gamma-ray discrimination

(n/y):

nly =€, €  (2)

intn
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The relationship between &;, », n/y discrimination and the LLD settings is shown in Fig. 3. Within
the LLD range of 67 to 107 keV, the two n/y discrimination curves are close and they increase
greatly from 9 x 10*to 9 x 10° (gamma-ray flux: 1.61 x 10° photons/cm’s) and 5.4 x 10%to 1 x
10° (gamma-ray flux: 1.61 x 10° photons/cm’s), while the thermal neutron detection efficiency

only decreases slightly from 41.0% to 38.9%.
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Fig. 3 Measured thermal neutron detection efficiency without a gamma-ray source and n/y

discrimination as a function of LLD with gamma-ray fluxes of 10° and 10° photons/cm’s.

The gamma-ray insensitivity of neutron detectors in Radiation Portal Monitor (RPM) systems for
homeland security applications requires that gamma radiation at exposure rate of up to 10 mR/h
shall not trigger the neutron alarm as defined in American National Standards Institute ANSI N
42.35-2006 [12]. As a benchmark, we set a goal of gamma-ray insensitivity of & ,n < 10 in the
presence of a 7Cs source at exposure rate greater than 10 mR/h [13]. The LLD of 95 keV is
selected to ensure &;,,, < 10°°. The corresponding intrinsic thermal neutron detection efficiency
is 39.4% and n/y discriminations are 5.3 x 10° (zamma-ray flux: 1.61 x 10° photons/cm’s) and 4
x 10° (gamma-ray flux: 1.61 x 10° photons/cm’s). The measured n/y discriminations are
consistent with MCNP simulation results which are on the order of 10° based on the same device

structure [4]. Note that the gamma-ray flux converted from the exposure rate of 10 mR/h is on
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the order of 10* photons/cm’s [9], which is much lower than what we had in the experiment.

For a 2.5 x 2.5 mm® '°B-Si honeycomb structured thermal neutron detector exposed to a *’Co
gamma-ray source with rate of 10 mR/h, an n/y discrimination of 2.4 x 10* was obtained given
by the reported thermal neutron detection efficiency of 26.1% and gamma sensitivity (intrinsic
gamma-neutron detection efficiency) of 1.1 x 10” [14, 15]. As the hexagonal hole depth (45
um) in the honeycomb structure is close to the pillar height (50 pm), a higher »/y discrimination
of 10° in the pillar detector could mainly be attributed to a relatively smaller Si volume portion
0f20% in the active region compared to 46% in a honeycomb structure designed with 2.8 pm
hole diameter and 1 pm Si wall thickness [14-16]. In °LiF based thermal neutron detectors, due
to its relatively low thermal neutron cross section, the active region is usually greater than 250
um for sufficient neutron absorption. Therefore they have much larger intrinsic Si portions,
which are sensitive to the gamma-rays. A high LLD is set in order to reject them. In back-to-
back stacking of 1cm® °LiF —Si detectors, an n/y discrimination of 2.2 x 10" with a LLD of 300
keV and 1.0 x 10° with a higher LLD of 450 keV were obtained using '*’Cs as gamma-ray
source with a flux of 8.6 x 10" photons/cm’s reported by S. L. Bellinger et al. [17].

The neutron performance of the 50-um-tall pillar detector in a high gamma-ray environment was
investigated with the presence of both a **Cf source and a '*’Cs source. By moving the detector
closer to the "*’Cs source, the obtained gamma-ray fluxes were 1.61 X 10°,1.61 x 107, 1.61 x
10®, and 1.61 x 10’ photons/cmzs at distances of 632 cm, 200 cm, 63.2 cm, and 20 cm
respectively. The measured pulse height spectra are shown in Figure 4. The total measured
neutron counts above LLD are in the range of 802 to 947. As the gamma-ray flux increases there
is more than one gamma-ray striking the detector within the resolving time of the system, thus
the electronic pulse amplitude is the sum of the separate events (gamma-ray pile-up). As a result,
a high energy pulse is registered into the system. To accommodate the high count rate, the
shortest available shaping time of 0.5 pus in ORTEC 572 shaping amplifier is used. Applying a
reverse bias voltage can reduce charge collection time by a high electrical field in the Si pillars.
However it also causes a high noise level associated with leakage current which negatively
affects the neutron detection performance by increasing the noise. Therefore a reversed bias was

not applied to the detector.
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To reject the pile-up gamma-ray pulses, the LLD is set higher than 62 keV which is the LLD
setting with no gamma-ray source present, therefore some neutron counts are lost. The “gamma-
ray absolute rejection ratio for neutrons” (GARRn) is defined in PNNL report which measures
the detector response in the presence of both a large gamma-ray source and a 2>*Cf neutron
source [13]. The GARRn value will be unity if the gamma-ray source has no impact. To meet the
GARRn requirement of 0.9 < GARRn < 1.1 at 10 mR/h exposure, the LLD are set to 95 keV,
105 keV, 134 keV and 182 keV for the gamma-ray flux of 1.61 x 106, 1.61 x 107,1.61 x 108, and
1.61 x 10’ respectively.

1000 7 only
2520f 4 137¢Cs (1.61 x 10° photons/cm?s)
252Cf + 137Cs (1.61 x 107 photons/cm?s)
252Cf + 137Cs (1.61 x 10° photons/cm?s)
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Fig. 4 Pulse height spectra of a 2 x 2 mm?* 50-pm-tall pillar detector using the geometry shown in
Fig. 1 exposed to a *>*Cf source and "*’Cs source with varied fluxes. The gamma-ray fluxes are

shown in parentheses.

To measure the lost portion of neutron events due to the high LLD settings, the neutron count
rates are normalized to the 62 keV LLD setting based on the measured neutron response spectra
shown in Fig. 2. The neutron count rate drops with an increased gamma-ray flux because a
higher LLD is required (Fig. 5). At the gamma-ray flux of 1.61 x 10° photons/cm’s, a normalized
neutron count rate of 0.95 with an LLD of 95 keV was obtained, which means 5% of neutron

counts is lost. As the gamma-ray flux increases to 1.61 x10° photons/cm’s, the normalized
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neutron count rate drops to 0.85 with an LLD of 182 keV, which corresponds to a 15% reduction
in the neutron counts, and a thermal neutron detection efficiency of 35% is maintained when the

detector is exposed to such a high gamma-ray flux field.
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Fig. 5 Neutron count rates normalized to the 62 keV LLD with no gamma-ray source present,
measured with a 2 x 2 mm? 50-pm-tall pillar detector using the geometry shown in Fig.1. The
LLDs are set based on incident gamma-ray fluxes to meet the requirement: 0.9 < GARRn <

1.1.

We have demonstrated that a pillar structured thermal neutron detector based on a Si-'°B
composite can simultaneously achieve a high thermal neutron detection efficiency of 39% as

well as a high n/y discrimination of 10° in a high gamma-ray field of 10° photons/cm’s because of
the small overall Si volume in the active region. While tuning the LLD to meet the gamma-ray
insensitivity requirement: 0.9 < GARRn < 1.1 a thermal neutron detection efficiency of 35% is

maintained.
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